Abstract -The potential of across-track interferometric 0 synthetic aperture radar (SAR) for producing high resolution 3-D imagery has been demonstrated by several airborne systems including EMISAR', the dual frequency, polarimetric, and interferometric SAR developed at the Dept. of Electromagnetic Systems (EMI). In order to achieve a high geodetic fidelity when using such systems operationally, calibration procedures must be applied. Inaccurate navigation data and system parameters as well as system imperfections must be accounted for. This papr presents theoretical models describing the impact of key error contributors on the measured terrain elevation. The models are used in estimating calibration parameters on the bases of distributed targets with known elevation. Finally, the calibration procedure is applied to EMISAR data collected by the Danish Center for Remote Sensing (DCRS'), and the stability of the estimated parameters is examined in order to assess the general utility of the procedure.
INTRODUCTION
Many airborne XTI systems are capable of producing 3-D imagery with height resolutions on the order of one meter, i.e. the stochastic height noise of these systems is about one meter. However, often systematic errors hamper the absolute accuracy of the generated digital elevation models (DEMs) unless multiple ground control points (GCPs) are used to correct the data.
The need of such points complicates automation of the processing procedures, and it even prevents production of calibrated 3-D imagery in remote areas without GCPs.
The systematic errors can be divided into three different classes, viz. those originating from insufficient navigation system accuracy * insufficient system parameter knowledge system imperfections ' Development of EMISAR has been supported by the Thomas B. Thriges Foundation, the Danish Technical Research Counsil (STVF), the Royal Danish Air Force (RDAF), the Technical University of Denmark, the Joint Research Centre (JRC) and by the Danish National Research Foundation.
The Danish Center for Remote Sensing is finansed by the Danish National Research Foundation. Navigation data of importance are the roll angle and the platform position which directly couples to the absolute pixel position. The system parameters include the channel delay, the channel phase shift including the phase ambiguity number, the baseline length and angle. The errors of the first two classes cause calibration errors that vary slowly and monotonously in the range direction. The system imperfections on the other hand give rise to errors of more complicated character. The imperfections addressed in this paper are multi-path propagation introduced by on-aircraft reflections and channel leakage [ 11. Both cause oscillating phase errors and hence height errors that are generally not monotonous.
By setting up models relating the parameters of the error contributors to the systematic height errors, calibration parameters can be estimated from distributed targets with known elevation [ 11, e.g. a sea surface with waves giving the signal-to-noise ratio required to have sufficiently low height noise.
This calibration procedure has been applied to XTI data acquired with EMISAR in 1996. A total of 6 scenes from 3 different missions have been calibrated in order to examine the stability of the estimated parameters and to assess the general utility of the procedure.
In 1995 the L-and C-band polarimetric capabilities of EMISAR were supplemented with an XTI capability by adding two flush mounted C-band antennas in front of the wing. This antenna installation provides a baseline with a length of B = 1.14 m and an angle of a = 34" from the platform horizontal.
The antennas are fully pofarimetric, so either HH or vv polarized XTI data can be collected. Since the antennas are connected via the switch matrix also used for polarimetry the system can be operated in multiple XTI modes: single baseline (transmit on one antenna, receive on both); double baseline (sequentially transmit and receive on one antenna then transmit and receive on the other) dual baseline (sequentially transmit on one antenna and receive on both, then transmit on the other and receive on both, thus collecting both double and single baseline data).
EMISAR is flown on a Danish Air Force Gulfstream G-3 twin engine jet aircraft which is typically operated at 25.000 ft when XTI data are collected. The navigation system includes INSs as well as a P-code GPS system. 0-7803-3836-7/97/$10.00 0 1997 IEEE
MODELS
Assuming that the Earth curvature can be neglected i.e. the SAR is at an altitude H above a flat reference plane, and that the baseline is much smaller than the slant range R, then the unwrapped interferometric phase is given by where 8 (>O) is the line-of-sight angle with respect to the nadir direction and a is the baseline angle. Thus 8-a is the angle between the baseline normal and the line-of-sight direction, and Bsin(8-a) is the baseline component in the line-of-sight direction. p = 1 in the single baseline mode and p = 2 in the double baseline mode.
The terrain height h and the ground range c are given by h= H -Rc~s ( 8) ( 2) c=R.sin (8) (3) The impact of navigation data errors is easily found from (1-3). The height sensitivity to a platform altitude error is trivial ah -=I aH (4) and since the resulting baseline angle O( equals the platform baseline angle ap plus/minus the roll angle a, (righaeft looking SAR), the sensitivity to a platform roll error is
The influence of erroneous. system parameters is also found from Eqs. 1-3. The impact of an %error is the same as that of an a error (the opposite for a left-looking SAR). The sensitivities to a baseline length error and a phase error are
The channel delay errors impacts the estimation of the absolute phase, which in turn impacts the unwrapped phase according to (7).
The remainder of this section addresses the third class of errors, those originating in system imperfections. Fig. 1 shows an on-aircraft reflection point located on the line connecting the two interferometry antennas. The signals propagating between an antenna and a target via this point is delayed and attenuated before it is added to the direct signal. By using the approximation l+ad@ = l+acos++ja.sin+ = dasing, where a d is the attenuation factor of the delayed signal, it can be shown that in all three operation modes the phase error caused by on-aircraft multi-path propagation can be expressed as Fig. 1 On-aircraft multi-path. All propagation phases are oneway phases, and the phases to the target are differential with respect to the lower antenna. c, = axe.%.
PB is the baseline from the lower antenna to the reflection point. First the calibration procedure interprets the difference between this height and the true height h=h,f of a reference surface as a phase error which according to (7) is given by
Note that A$ # $m-$ because A$ also includes terms introduced when the impacts of the other system parameter errors and navigation data errors are interpreted as phase errors.
Next the calibration procedure plots A$ as a function of $, , , ($ is not known). Unlike the first three phase terms in (14), which are constants, and the altitude, roll and baseline terms, which are slowly varying functions of $ (and hence $, ) , the two multipath terms are very sensitive to the shift caused by substituting $ , for $. In this context it is worth noting that $L($m) does not depend on (Po, as $L according to Eqs. 9-11 is a function of Finally, the procedure estimates the calibration parameters by fitting the curve forms of the terms in (14) to A$($,). For a typical EMISAR geometry Fig. 3 plots these terms as functions of $ and the figure illustrates that the estimation is illconditioned as, for instance, a combined phase and roll error is fairly indistinguishable from an altitude error. The processing includes an amplitude, phase, and delay calibration based on signals from three internal calibration loops exercised just before and after every mapping. This internal calibration facility, which was originally intended for polarimetric calibration [5] , covers the phase terms ctU, and c,, but not 9, . Fig. 4 shows A@(@,) for the six double baseline scenes after calibration of altitude, roll and phase. Baseline calibration was not included. The standard deviation of the roll and phase corrections are 1.8 mrad and 0.3 rad, respectively. (The latter is 0.1 r;d when a single outlier is removed, while it is 0.5 rad without internal calibration. The internal calibration in turn drifts less than 0.05 rad from pre-map to post-map.) Since the figures correspond to height errors on the order of ten meters it is concluded that altitude, roll and phase must be calibrated on a scene by scene basis to achieve meter level accuracies. In Fig. 4 the slowly oscillating $A sinusoidal (first term, p<0.5) is superimposed the faster $L sinusoidal. Table 1 lists the mean and standard deviation for the amplitude, frequency and offsets of these sinusoidals. The amplitudes correspond to height oscillations of a few meters and to an aircraft reflection suppression of -20 clf3 and a switch isolation of -40 to -30 dB. The qL frequency of 0.5 is consistent with (9), and the @A frequency of 0.11 corresponds to P = 0.23 and hence a reflection point PB = 26 cm from one antenna. The offsets vary less than 2 percent of the sinusoidal periods and the amplitudes are also stable, so a fixed multi-path calibration can be applied to multiple scenes. . ' . When the estimated sinusoidals are eliminated the second +A term appears. It has a somewhat smaller amplitude and, as One of the six data sets was collected in dual baseline mode. The frequencies of the sinusoidals extracted from the two single baseline products have proved to be twice that of the corresponding double baseline product, in accordance with Eqs. 8-1 1. Also, the amplitude of the @A phase error differs by a factor of two is [31 as expected from (8).
expected, a frequency corresponding to 1-p.
U1
the EMISAR system is being upgraded in order to reduce the need of Calibration. The navigation system, and in particular its attitude accuracy, will be improved, and a switch matrix with better isolaltion has been ordered.
CONCLUSION
Accurate calibration is crucial for the generation of XTI products having not just a high resolution but also a high geodetic fidelity. Calibration based on ground control points is not easily 151 automated and such points are rarely available in remote areas. This paper has presented a model-based calibration procedure using distributed targets with known elevation. The model includes navigation parameters, system parameters, and system imperfections. Errors from these three classes contribute to the EMISAR data, the calibration of which has been reported in this paper.
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